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We investigated the Dirac-cone state and its modulation when an ultrathin film of topological
insulator Bi2Se3 was epitaxially grown on a van-der-Waals ferromagnet Cr2Si2Te6 (CST) by angle-
resolved photoemission spectroscopy. We observed a gapless Dirac-cone surface state in 6 quintuple-
layer (QL) Bi2Se3 on CST, whereas the Dirac cone exhibits a gap of 0.37 eV in 2QL counterpart.
Intriguingly, this gap is much larger than those for Bi2Se3 films on Si(111). We also revealed no
discernible change in the gap magnitude across the ferromagnetic transition of CST, suggesting the
very small characteristic length and energy scale of the magnetic proximity effect. The present
results suggest a crucial role of interfacial coupling for modulating Dirac electrons in topological-
insulator hybrids.
I. INTRODUCTION
One of exciting challenges in the research of topolog-
ical insulators (TIs) is realization of exotic topological
phenomena associated with the time-reversal-symmetry
(TRS) breaking, as exemplified by the quantum anoma-
lous Hall effect (QAHE) [1–3], the topological magneto-
electric effect [4–6], the magnetic monopole [7], and the
inverse spin-galvanic effect [8]. A well-known strategy to
realize such fascinating topological phenomena is intro-
duction of magnetic impurities into TI crystals. In fact,
this method was successful in realizing the QAHE at low
temperatures [1–3], whereas disorders are inevitably in-
troduced into the crystal and hinder further enhancement
of the observation temperature.
Magnetic proximity effect is a useful approach to solve
this problem. The concept of magnetic proximity ef-
fect has been proposed in the stripe phase of high-Tc
cuprates [9] wherein topological defects associated with
the formation of stripes are characterized by the spin-
gap opening due to the magnetic proximity effect from
neighboring antiferromagnetic regions. Recently, ferro-
magnetic proximity effect (FPE) occurring in a hybrid
of ferromagnetic insulator and TI is attracting particu-
lar attention as an alternative and likely more promis-
ing approach to explore topological phenomena at high
temperatures, because it can avoid incorporation of dis-
orders into the TI crystal and reduce strong spin scat-
terings. The FPE in a TI hybrid shares a similar frame-
work with the magnetic proximity effect in cuprates in
the sense that the former (the latter) is characterized
by the magnetic-gap (spin- gap) opening at the metallic
topological bands (defects) associated with the proxim-
ity effect from neighboring magnetic regions. In TI hy-
brids, the coupling of ferromagnetic insulator EuS and
prototypical TI Bi2Se3 was demonstrated to be useful
for stabilizing and even enhancing the ferromagnetism at
interface [10]. A heterostructure of TIs, wherein mag-
netic ions (Cr) are modulation-doped only in the vicinity
of top and bottom (Bi,Sb)2Te3 surfaces, was reported to
host the axion-insulator phase, triggering further inves-
tigations of this exotic phase in intrinsic magnetic TIs
such as MnBi2Te4 [12–14]. The FPE is similar to the
well-known superconducting proximity effect in the sense
that both can add new (originally absent) properties to
the attached metallic layer. On the other hand, the latter
is characterized by the penetration of electrons (Cooper
pairs) from the superconductor to the attached metal-
lic layer through the interface, whereas the former does
not have to involve the penetration of electrons (electron
spins) across the interface because the exchange field of
ferromagnet can influence the attached metallic layer.
To effectively utilize the FPE for realizing novel topo-
logical quantum phenomena, a good junction between
ferromagnetic insulator and TI is essential. In this re-
gard, a van-der-Waals ferromagnet is a suitable material,
since the weak van-der-Waals coupling between adjacent
layers would be effective for the atomically flat surface,
absence of dangling bonds, and stability against air, all
of which are useful for promoting the FPE. However,
such hybrid systems involving van-der-Waals ferromag-
nets and TIs have been scarcely explored [15–17].
Amongst several van-der-Waals ferromagnets, we have
deliberately chosen Cr2Si2Te6 (CST; TC ∼ 31 K) [18–20]
as a template to contact with TI [Bi2Se3 in this work;
see Fig. 1(a)], by taking into account the good lattice
and symmetry matching as well as its perpendicular fer-
romagnetism - a prerequisite for realizing the Dirac-cone
2states with an energy gap called Chern gap or a mag-
netic gap caused by the time-reversal-symmetry break-
ing. Recently, an anomalous Hall effect has been re-
ported in a system consisting of 9 quintuple-layers (QL)
of (Bi,Sb)2Te3 sandwiched by Cr2Ge2Te6 (a sister com-
pound of CST). While this observation was interpreted
in terms of formation of an exchange gap in the Dirac-
cone interface states due to the FPE [15], it is unclear
how strong the FPE influences the Dirac-cone states.
In a broader perspective, it is unknown to what extent
the interfacial coupling modifies the electronic states of
TI/ferromagnetic-insulator hybrid and how such modifi-
cation is linked to the physical properties. It is important
to address these questions from the electronic-state point
of view for effectively utilizing the FPE in TIs and its re-
lated applications.
In this article, we report an epitaxial growth of Bi2Se3
thin films on CST bulk single crystal by molecular beam
epitaxy (MBE). By visualizing the electronic structure
with in-situ angle-resolved photoemission spectroscopy
(ARPES), we observed a large energy gap in the Dirac-
cone state for 2QL Bi2Se3 on CST. The gap magnitude is
markedly enhanced compared to that for a Bi2Se3 film on
Si(111) and insensitive to the ferromagnetic transition.
We discuss implications of this finding in terms of the
lattice-strain effect, the interfacial coupling of electronic
states, and the FPE.
II. EXPERIMENT AND CALCULATION
Bulk single crystal of CST was grown by the self-flux
method [20]. To fabricate a Bi2Se3 thin film, a clean
surface of CST was obtained by cleaving with a scotch
tape in an ultrahigh vacuum of 3×10−10 Torr. A Bi2Se3
film was epitaxially grown by evaporating bismuth (Bi)
on the CST substrate kept at ∼180 ◦C in selenium (Se)
atmosphere of 2.5×10−9 Torr in the MBE chamber with
the base pressure of 5×10−10 Torr. The film was sub-
sequently annealed at ∼180 ◦C for 30 min to improve
the crystallinity and then transferred to the ARPES-
measurement chamber without breaking vacuum. To
clarify possible substrate dependence of electronic states,
a Bi2Se3 film was also fabricated on Si(111). We used an
n-type Si(111) wafer with low electrical resistance (As
doping, 1-5 mΩ·cm) to accurately control the annealing
temperature during the resistive heating and also to avoid
the charging effect during the ARPES measurement. A
clean 7×7 surface of Si(111) obtained by flash annealing
at 1160 ◦C was at first terminated by a
√
3 ×
√
3 R30◦
Bi buffer layer, and then Bi2Se3 film was fabricated on
it with keeping the substrate at 200 ◦C. The growth rate
of Bi2Se3 was estimated to be 0.14 ± 0.01 QL/min by
using a quartz-oscillator thickness monitor. This value
was always fixed irrespective of the substrate (CST or
Si) and the film thickness (2 or 6 QL). Evaporation time
was controlled with the accuracy of 10 seconds. The esti-
mated film thickness was totally consistent with the band
dispersion measured by ARPES which is known to show
Cr2Si2Te6 (CST)
Quintuple
Layer (QL)
Bi
Se
Cr
Si
Te
Bi2Se3(a)
(e)
(b)
(d)
Γ K
M
CST
Bi2Se3/CST
Bi2Se3/CST
Bi2Se3
(1!1)
CST (1!1)
LEED
RHEED
Bi2Se3 (1!1)
M
K
!"
!#
(c)
FIG. 1: (a) Heterostructure consisting of Bi2Se3 (top) and
CST (bottom). (b, c) LEED patterns of cleaved CST and
6QL-Bi2Se3/CST, respectively, measured at room tempera-
ture with a primary electron energy of 70 eV. Yellow dashed
hexagon in (b) traces the
√
3 ×
√
3 R30◦ spots of CST, while a
red dashed hexagon in (c) traces the 1×1 spot of Bi2Se3/CST.
The yellow hexagon in (b) is superimposed in (c). (d) Pro-
jected hexagonal surface BZ of Bi2Se3 (red) and CST (black).
(e) RHEED pattern of 6QL-Bi2Se3/CST.
an obvious difference among 0QL (substrate), 1QL, and
2QL Bi2Se3 films. The growth process was monitored by
the reflection high-energy electron diffraction (RHEED).
ARPES measurements were carried out using a MBS-A1
electron analyzer with high-flux helium and xenon dis-
charge lamps at Tohoku University. The He-Iα and Xe-
Iα resonance lines (hν = 21.218 and 8.437 eV, respec-
tively) were used to excite photoelectrons. The energy
and angular resolutions were set to be 16-30 meV and
0.2◦, respectively. The sample was kept at T = 40 K in
an ultrahigh vacuum ( < 1×10−10 Torr) during ARPES
measurements. The Fermi level (EF) of sample was refer-
enced to that of a gold film electrically in contact with the
sample substrate. First-principles band-structure cal-
culations were carried out by the projector augmented
wave method implemented in Vienna Ab initio Simu-
lation Package (VASP) code [22] with the generalized
gradient approximation (GGA) potential [23]. We have
also calculated the band structure with the GGA+U and
Heyd-Scuseria-Ernzerhof (HSE) methods, as detailed in
Appendix. After the crystal structure was optimized, the
spin-orbit coupling was included self-consistently.
III. RESULTS AND DISCUSSION
First, we present the characterization of Bi2Se3 film on
CST. Figure 1(b) shows the low-energy electron diffrac-
3tion (LEED) pattern of a cleaved surface of CST. The
appearance of clear 1×1 spots without additional ones
suggests the well-ordered surface as well as the absence of
surface reconstruction. When depositing 6QL Bi2Se3 on
CST [Fig. 1(c)], the LEED pattern transforms into the
1×1 periodicity of Bi2Se3 lattice. We found that the 1×1
pattern of Bi2Se3/CST is expanded by nearly
√
3 times
and rotated by 30◦ compared to those of pristine CST. A
similar behavior was observed for 2QL-Bi2Se3/CST (for
details, see Section 1 of Appendix). These results indi-
cate that CST has a surface Brillouin zone (BZ) with
a periodicity of nearly
√
3 ×
√
3 R30◦ compared to the
1×1-Bi2Se3/CST, as schematically shown in Fig. 1(d).
A careful look at the LEED patterns in Figs. 1(b) and
1(c) further reveals that the
√
3 ×
√
3 R30◦ spots of pris-
tine CST highlighted by a yellow dashed hexagon in Fig.
1(b) do not necessarily coincide perfectly with the 1×1
spots of Bi2Se3/CST [a red dashed hexagon in Fig. 1(c)].
As seen in Fig. 1(c), the red hexagon (Bi2Se3/CST) is
slightly smaller than the yellow one (pristine CST). This
is consistent with the fact that there is a lattice mismatch
of ∼ 6 % between bulk crystals of Bi2Se3 and CST [18–
20] (for details, see Section 5 of Appendix). We have
estimated the in-plane lattice constant of Bi2Se3 on CST
from the LEED pattern to be 4.1 A˚, which is in good
agreement with that of bulk Bi2Se3 crystal [21]. These
results suggest a relatively weak lattice strain effect from
the CST substrate in 6QL film. As shown in Fig. 1(e),
we find sharp streaks in the RHEED pattern, suggesting
homogeneous nature of the film. These results support a
successful fabrication of high-quality Bi2Se3 film on CST.
Figure 2(a) displays the plot of valence-band ARPES
intensity for pristine CST at T = 40 K (in the param-
agnetic phase) measured along the ΓM cut in the CST
BZ (i.e. the ΓK cut in the Bi2Se3 BZ) with the He-Iα
line (hν = 21.218 eV). One can recognize several dis-
persive bands, e.g., a relatively flat band at the binding
energy (EB) of ∼ 1.8 eV and a dispersive holelike band
topped at EB ∼ 0.5 eV at the Γ point. According to the
first-principles band-structure calculations [24, 25], the
former is ascribed to the Cr 3d orbital responsible for
the ferromagnetism while the latter to the Te 5pz orbital
that forms a valence-band maximum separated by a band
gap (> 0.5 eV) from the conduction-band minimum. As
shown in Fig. 2(b), the ARPES intensity undergoes a
drastic change upon the formation of 6QL Bi2Se3 film on
CST. The flat Cr 3d band at EB ∼ 1.8 eV totally disap-
pears and at the same time several highly dispersive Se
4p bands [26, 27] emerge at EB > 0.8 eV. Moreover, a
new metallic state appears around EF at the Γ point. A
holelike band topped at 0.5 eV that resembles the Te 5pz
band in CST [see Fig. 2(a)] is not ascribed to CST, but
to Bi2Se3, because the photoelectron escape depth for the
measurement with the He-Iα photon (∼ 0.5 nm) is much
shorter than the thickness of 6QL Bi2Se3 film (∼ 6 nm).
The metallic state near EF is assigned to the conduction
band that is pulled down below EF due to the electron
doping from Se vacancies, as commonly observed in Se-
FIG. 2: (a, b) Valence-band ARPES-intensity of (a) pristine
CST and (b) 6QL-Bi2Se3/CST measured at T = 110 K and 40
K, respectively, with the He-Iα line (hν = 21.218 eV). Inset
shows the measured cut (black solid line) in the hexagonal
surface BZ. (c, d) Band structures of 6QL-Bi2Se3/CST and
6QL-Bi2Se3/Si(111), respectively, at T = 40 K, obtained by
taking the second derivative of MDCs.
based TIs [28, 29]. All these spectral features were also
observed for the 2QL Bi2Se3 film on CST (see Section C
of Appendix for details). The clear dispersive feature of
band structure supports the high single crystallinity of
our epitaxial film.
To clarify the substrate dependence of the valence-
band structure, we fabricated a 6QL Bi2Se3 film on
Si(111). A side-by-side comparison of the valence-band
structure [Figs. 2(c) and 2(d)] obtained by taking
the second derivative of momentum distribution curves
(MDCs) reveals an almost identical band dispersion be-
tween Bi2Se3/CST and Bi2Se3/Si(111). For example, a
bright intensity spot ascribable to the bottom of the “M”-
shaped band around EB ∼ 1 eV in Fig. 2(b) is commonly
observed at EB = 1.4 eV. A couple of “Λ”-shaped en-
ergy bands each topped at 0.5 and 1.5 eV, respectively,
are also visible in both plots. These results suggest a
negligible effect from the substrate to the valence-band
dispersion in the case of thick Bi2Se3 films.
To elucidate in more detail the electronic states near
EF, we have performed ARPES measurements with a
higher energy resolution using the more bulk sensitive
Xe-I photons (hν = 8.437 eV). The Xe-I photon is ex-
pected to have higher sensitivity to the interface for
4films thinner than ∼ 2QL because the photoelectron es-
cape depth is ∼ 2 nm. Figure 3(a) displays the near-
EF ARPES-intensity plot around the Γ point for 6QL-
Bi2Se3/CST measured at T = 45 K (above TC of CST).
We find an electronlike feature centered at the Γ point
within ∼ 0.2 eV of EF and an “M”-shaped band around
∼ 0.6 eV. These bands are bulk conduction and valence
bands, respectively [30]. We also find an X-shaped Dirac-
cone band characterized by touching of V- and Λ-shaped
bands at EB = 0.34 eV at the Γ point. A side-by-side
comparison of the ARPES intensity between 6QL Bi2Se3
on CST and that on Si(111) in Figs. 3(a) and 3(b) re-
veals no discernible difference in the near-EF electronic
states. A similar behavior is also seen from a comparison
of energy distribution curves (EDCs) at the Γ point in
Fig. 3(c).
In contrast to the thick (6QL) film where the substrate
effect to the electronic states is significantly weak, we
found that the electronic states suffers an intriguing in-
fluence from the substrate in 2QL film. As shown in Fig.
3(d), the ARPES intensity for 2QL-Bi2Se3/CST shows
a marked suppression around EB ∼ 0.4 eV, obviously
different from that for the 6QL film [Fig. 3(a)]. This
suggests the opening of an energy gap (Dirac gap) due
to the hybridization of wave functions between the top
and bottom surfaces [30]. We think that this gap is differ-
ent from the Chern gap associated with the time-reversal
symmetry breaking because the gap persists above TC of
CST, as detailed later. One can also recognize a simi-
lar gap-opening for 2QL-Bi2Se3/Si(111) as shown in Fig.
3(e), whereas the Dirac cone is obviously shifted down-
ward compared to the case of 2QL-Bi2Se3/CST. We es-
timated the midpoint of the Dirac gap to be EB = 0.34
and 0.50 eV for 2QL Bi2Se3 on CST and that on Si(111),
respectively, by tracing the peak position of EDCs at
the Γ point [Fig. 3(f)]. This indicates that the 2QL
film on Si(111) is more electron doped compared to that
on CST. It is expected that the much larger work func-
tion of Bi2Se3 (5.6 eV) [31] than that of CST (4.49 eV)
[32] would cause a sizable electron transfer from CST
to Bi2Se3, as in the case of Bi2Se3 film on other sub-
strates including Si(111) [30, 33–35]. However, such elec-
tron transfer across the interface seems not to take place
in 2QL-Bi2Se3/CST, as evident from the experimental
fact that the binding energy of the Dirac point for 6QL-
Bi2Se3/CST is the same as that of the midpoint of the
Dirac gap for 2QL-Bi2Se3/CST (both are at 0.34 eV).
It is noted here that a comparison of the work func-
tion between CST (4.49 eV) and Si (4.8 eV) suggests
higher electron doping in 2QL-Bi2Se3/CST than that in
2QL-Bi2Se3/Si(111), contrary to the experimental results
shown in Figs. 3(d) and 3(e). While the exact origin of
this behavior is unclear at the moment, we speculate that
the presence of Bi
√
3×
√
3R30◦ buffer structure on the
Si surface may reduce the effective work function of Si
down to below 4.49 eV.
By analyzing EDCs in more details [Fig. 3(f)], we
found an intriguing difference in the magnitude of the
FIG. 3: (a, b) Near-EF ARPES-intensity plots around the Γ
point for 6QL Bi2Se3 on CST and on Si(111), respectively,
measured with the Xe-Iα line (hν = 8.437 eV) at T = 45
K. White curves are a guide for the eyes to show the energy
dispersion of conduction band (CB) and valence band (VB).
SS denotes the Dirac-cone surface state. (c) Comparison of
the EDCs at the Γ point for (a) and (b). (d), (e), and (f)
Same as (a), (b), and (c) but for 2QL Bi2Se3. Blue curves
in (d) and (e) are a guide for the eyes that traces gapped
upper and lower Dirac cones. (g) Line profiles of the RHEED
patterns for 0QL (pristine CST), 1QL and 2QL-Bi2Se3/CST.
Peak positions are indicated by vertical dashed lines. (h) EDC
at the Γ point for 2QL-Bi2Se3/CST measured at T = 50 and
20 K, across TC of CST.
Dirac gap, which is ∼ 370 and ∼ 300 meV for 2QL-
Bi2Se3/CST and 2QL-Bi2Se3/Si(111), respectively. The
Dirac gap is enhanced by 70 meV when the substrate is
changed from Si to CST. The smaller gap for the Si sub-
strate is not attributed to the experimental artifact such
as partial inclusion of 3QL because the gap value of the
3QL film on Si is known to be much smaller (∼150 meV)
[33]. There are several possibilities to account for this
observation. One of possibilities is a tensile strain from
the CST substrate which causes the shrinkage of Bi2Se3
crystal lattice along c axis [36], leading to the increase
in the hybridization strength of wave functions between
the top and bottom surfaces. However, as seen from the
RHEED profile for the 0-2QL films on CST in Fig. 3(g),
the in-plane lattice constant for the 1QL film immedi-
ately relaxes to the bulk value [4.1 A˚; consistent with the
LEED data in Fig. 1(c)] and no further lattice relaxation
takes place in thicker films, as evident from the identical
5peak position between 1- and 2-QL films. Such abrupt
lattice relaxation also occurs in the case of Si(111) sub-
strate [37], causing a lattice mismatch of ∼ 8 % (in both
CST and Si cases, the Bi2Se3 lattice is expanded relative
to the substrate lattice). The fact that the in-plane lat-
tice constant of both films is already relaxed to the bulk
value for n = 1 suggests that there is no effective com-
pressive strain in the Bi2Se3 film and thus it is hard to
attribute the gap enhancement to the lattice-strain effect.
Another explanation of the gap variation is the interfacial
hybridization between the lower Dirac cone in Bi2Se3 and
the topmost valence band of CST, because these bands
are located in a same (EB, k) region [see Figs. 1(a) and
3(d)]. The presence of interfacial hybridization is sup-
ported by our first-principles band-structure calculations
for the slab of 2QL-Bi2Se3/CST, as detailed in Section
D of Appendix. These results suggest that the interfa-
cial effect of the band hybridization between Bi2Se3 and
CST may be a useful means to modulate the Dirac-cone
dispersion.
Although the primary cause for the Dirac gap is
thought to be the hybridization between the top/bottom
surfaces, one may argue that the gap can be further en-
hanced by the FPE. However, no obvious change in the
gap magnitude across TC [see EDC at the Γ point in Fig.
3(h)] seems incompatible with the simple FPE scenario
unless the ferromagnetic order is stabilized even above
TC of bulk CST (note that no such experiment was re-
ported at the moment). It is inferred that the character-
istic length and energy scale of the FPE may be under
the detectable limit of the present ARPES measurement.
This in return serves as an important guideline for mak-
ing use of TI/CST hybrids to realize novel topological
phenomena, because the accurate tuning of EF within
the small magnetic gap and the good crystallinity at the
interface comparable to the length scale of the FPE are
simultaneously required.
Finally, we comment on the future research direction
based on the present results. While Bi2Se3/CST is not
suitable for realizing the QAHE due to the electron dop-
ing, it would be useful to fabricate (Bi1−xSbx)2Te3/CST
where the Dirac point is situated exactly at EF to ex-
amine the possible QAHE at higher temperature. To
realize a large magnetic gap by the FPE, the substrate
is preferred to have a higher TC and required to have
an out-of-plane magnetic easy axis. In this regard, some
van-der-Waals ferromagnets such as Cr2Ge2Te6 (a cousin
material of CST; TC = 65 K) [20], CrI3 (TC = 61 K) [38],
Fe3GeTe2 (TC = 220 K) [39], and Fe-intercalated TiS2
(TC = 111 K) [40] can be the possible candidates for the
ferromagnetic substrate. While we intended to create a
Dirac gap below TC of CST by utilizing the spontaneous
magnetization along the c-axis, it would be also possible
to control the magnitude of magnetic gap by applying an
external magnetic field and also by controlling the field
direction using a vector magnet, as in the case of Kagome
magnet [41].
IV. SUMMARY
In summary, we investigated the Dirac-cone state and
its modulation for ultrathin nQL Bi2Se3 (n = 2 and 6)
films epitaxially grown on a van-der-Waals ferromagnet
Cr2Si2Te6 by angle-resolved photoemission spectroscopy.
In contrast to the gapless Dirac-cone state observed in
6QL Bi2Se3 on CST, the 2QL-Bi2Se3 film on CST ex-
hibits a clear energy gap of 0.37 eV at the Dirac point,
mainly due to the hybridization between the top and bot-
tom surfaces of Bi2Se3 film. This gap magnitude (0.37
eV) is much larger than that (0.30 eV) for a 2QL-Bi2Se3
film on Si(111), suggesting a strong substrate depen-
dence. We observed no discernible change in the gap
magnitude across the ferromagnetic transition of CST,
suggesting the very small characteristic length and en-
ergy scale of the magnetic proximity effect. The present
results lay a foundation for modulating Dirac electrons
in TI hybrids with interfacial coupling.
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Appendix A: Low-energy-electron-diffraction
pattern of 2QL-Bi2Se3/CST
Figure 4(a) shows the low-energy-electron-diffraction
(LEED) pattern on the cleaved surface of pristine
Cr2Si2Te6 (CST) measured with a primary electron en-
ergy EP of 60 eV. One can clearly see only (1 × 1) spots,
similarly to the LEED pattern measured with EP = 70
eV in Fig. 1(b) of main text, supporting the absence of
surface reconstruction. As shown in Fig. 4(b), the LEED
pattern of 2QL-Bi2Se3/CST is characterized by the 1 ×
1 spot of Bi2Se3 with higher background intensity, sim-
ilarly to the case of 6QL counterpart in Fig 1(c) of the
main text. We speculate that the higher background in-
tensity originates from the surface roughness of Bi2Se3
film due to the finite lattice mismatch between Bi2Se3
and CST.
6FIG. 4: LEED patterns on (a) cleaved surface of CST and
(b) 2QL-Bi2Se3/CST measured at room temperature with a
primary electron energy EP of 60 eV.
FIG. 5: (a), (b) Schematics of in-plane atomic arrangement
of CST and Bi2Se3, respectively. Red and yellow diamonds
show the unit cell of each lattice. (c) Direct overlap of (a)
and (b) that highlights the lattice mismatch of ∼ 6 %.
Appendix B: Atomic arrangement of Bi2Se3 and
CST lattices
We compare in Figs. 5(a) and 5(b) the atomic arrange-
ment of CST and Bi2Se3 , respectively, estimated from
the LEED patterns in Figs. 1(b) and 1(c) of the main
text. As can be seen from a side-by-side comparison of
the unit cell between CST [red diamond in Fig. 5(a)]
and Bi2Se3 [yellow diamond in Fig. 5(b)], the unit cell of
CST is rotated by 30◦ and expanded by nearly
√
3 times
compared to that of Bi2Se3. When we multiply the in-
plane lattice constant of Bi2Se3 (4.1 A˚; corresponding to
the side length of yellow diamond that connects two Se
atoms) by exactly
√
3 times, it becomes 7.17 A˚. This
value is slightly larger than the in-plane lattice constant
of CST (6.76 A˚), leading to the ∼ 6 % lattice mismatch
between Bi2Se3 and CST at the interface. This difference
is better illustrated by directly overlapping the Bi2Se3
and CST lattices in Fig. 5(c).
Appendix C: Comparison of valence-band ARPES
intensity between 2QL-Bi2Se3/CST and
2QL-Bi2Se3/Si
Figure 6 shows a direct comparison of the valence-band
ARPES intensity between 2QL-Bi2Se3/CST and 2QL-
Bi2Se3/Si(111) measured with the He-I photon. One can
recognize the overall similarity in the valence-band dis-
FIG. 6: Valence-band ARPES intensity for 2QL Bi2Se3 on
(a) CST and (b) on Si(111) measured with the He-Iα line.
FIG. 7: (a) Slab structure adopted in the band calcula-
tions for (top) 1-unit-cell (UC) CST and (bottom) 2QL-
Bi2Se3/1UC-CST. Calculated band structures for (b) bulk
CST (GGA), (c) 1UC-CST (GGA), (d) 2QL-Bi2Se3/1UC-
CST (GGA), (e) 6QL-Bi2Se3/1UC-CST (GGA), (f) 1UC-
CST with the HSE method, and (g) 2QL-Bi2Se3/1UC-CST
with the HSE method. Each unit cell (except for bulk CST)
includes vacuum layer thicker than 20 A˚.
persion between the two. On the other hand, the spectral
feature of 2QL-Bi2Se3/CST appears to be broader and
weaker. This is probably because of the smaller CST-
substrate size (1 × 1 mm2) compared to the beam spot
of incident light (2-3 mmφ) that causes an increase in the
background signal [note that the Si substrate is much
larger (2 × 4 mm2)]. Crystal quality of the two films
may be also different in the ultrathin region because the
initial growth mode of Bi2Se3 can be different.
7Appendix D: Calculated band structure of
Bi2Se3/CST
To clarify the origin of Dirac gap in 2QL-Bi2Se3/CST,
we have carried out the first-principles band-structure
calculations for Bi2Se3/CST slabs. While we used bulk
(i.e. very thick) CST as a substrate to epitaxially grow
Bi2Se3 films, we need to assume a finite thickness of CST
in the slab calculation because an infinitely thick lattice
cannot be treated in the calculation. We adopted a slab
structure containing three unit layers of CST which corre-
sponds to the one unit-cell (1UC) thickness of bulk CST,
as shown in the top panel of Fig. 7(a). At first, we
calculated the band structure for bulk CST in the ferro-
magnetic phase. As shown in Fig. 7(b), the calculated
topmost valence band shows a holelike dispersion topped
at the Γ point, separated from the bottom of the conduc-
tion band by an indirect band gap of ∼0.5 eV, consistent
with the ARPES data shown in Fig. 2(a) of the main
text. The calculated band structure for 1UC CST in
Fig. 7(c) shows a holelike valence band at the Γ point as
in the case of bulk CST, whereas the conduction bands
significantly move downward, resulting in the disappear-
ance of band gap. We have calculated the band struc-
ture for 2QL- and 6QL-Bi2Se3 on 1UC-CST by assum-
ing commensurate lattice matching between Bi2Se3and
CST [bottom panel of Fig. 7(a) shows the slab struc-
ture for 2QL-Bi2Se3/1UC-CST], as shown in Figs. 7(d)
and 7(e). One can immediately recognize the presence of
many bands in almost entire (E, k) area including the
near-EF region, so that it is hard to draw a meaningful
conclusion by directly comparing these calculated bands
with the experimental band structure. Such problem is
primarily due to (i) the serious underestimation of the
bulk-band gap in the slab calculation of 1UC CST and
(ii) a large number of atoms involved in a single unit
cell of the slab, in particular, for 6QL-Bi2Se3/1UC-CST.
Thus, we adopted a different calculation scheme by fixing
the slab structure to the smallest unit (2QL-Bi2Se3/1UC-
CST) and examined to what extent the slab calculation
can qualitatively reproduce the overall experimental fea-
ture. To reproduce a finite band gap in 1UC CST, we
at first calculated the band structure with the GGA+U
method that takes into account the Coulomb energy U
of the Cr 3d orbital. However, we were unable to cre-
ate a band gap even when the U value was increased up
to 5 eV. This is consistent with the recent band calcula-
tion for a few layer Cr2Ge2Te6 [42]. Then, by following
this literature, we adopted the Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional [43] which mixes the Perdew-
Burke-Ernzerhof exchange with 25 % of the exact non-
local Hartree-Fock exchange. As a result, we could rea-
sonably reproduce the finite band gap, as shown in Fig.
7(f). Then, we have again calculated the band structure
for 2QL-Bi2Se3/1UC-CST by using the HSE method, as
shown in Fig. 7(g). One can see from the comparison
of Figs. 7(d) and 7(g) that the near-EF band structure
becomes much simpler owing to the band-gap opening of
CST. A side-by-side comparison of Figs. 7(f) and 7(g)
signifies the existence of some bands within the band gap
of CST around the Γ point in 2QL-Bi2Se3/1UC-CST, as
highlighted by a dashed circle in Fig. 7(g). These bands
are mainly attributed to the states of Bi2Se3 which corre-
spond to the gapped Dirac-cone bands in the experiment
in Fig. 3(d) of the main text. A closer look at the calcu-
lation further reveals that there is no band-crossing, sup-
porting the existence of gapless Dirac-cone band. In this
context, the calculated band structure is qualitatively
consistent with the ARPES data showing the gapped
Dirac cone. However, the Dirac gap of 370 meV seen
in ARPES for 2QL-Bi2Se3/CST is significantly underes-
timated in the calculation. This may be because of the
assumption of a simplified slab structure with a finite
CST thickness and the neglect of a finite (∼6 %) lattice
mismatch in the calculation. Although a quantitative
comparison of the calculation and experiment is difficult
at the moment, the calculation still provides valuable in-
formation; the topmost valence band of CST exhibits an
energy shift upon attaching 2QL Bi2Se3 on it [Figs. 7(f)
and 7(g)]. This supports the band hybridization between
Bi2Se3 and CST, in line with the conclusion drawn from
the ARPES result.
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